Abstract
Introduction

28
Sinkholes are quasi-circular depressions in the ground surface that form due to the 29 breakdown of subterranean cavities (Neuendorf et al., 2005) . Sinkhole subsidence and collapse 30 cause substantial economic and human losses globally (Frumkin and Raz, 2001; Wadas, 2017;  31 Closson, 2005) . In Italy, a total of 750 sinkholes have been identified by Caramanna et al. (2008) . 32 Typically, sinkholes form in karst landscapes where the exposed soluble rocks are dissolved 33 by circulating ground water (dissolution sinkholes) but deep sinkholes also develop by 34 erosion/dissolution of a deep layer of rock covered by non-soluble rocks (Caramanna et al., 2008) . 35 In particular, deep sinkholes have been observed along seismically active faults indicating a causal 36 link between sinkhole formation and active tectonics (Faccenna et al., 1993; Closson et al., 2005;  (Salamon, 2004) . 46 The sinkhole of Prà di Lama, near the Pieve Fosciana town (Lucca, Italy), is a circular 47 depression filled by a lake (Caramanna et al., 2008) . Prà di Lama is located in the seismically active 48 Apennine range of Northern Tuscany, at the intersection between two active faults ( In this paper we combine recent InSAR observations, seismicity, and surface mapping, as 57 well as historical records of lake-level changes and ground subsidence at the Prà di Lama from 58 1828 to understand the mechanisms of sinkhole growth in an active fault system. 
Geological Background
60
The area of the Prà di Lama sinkhole is located within the Garfagnana basin (Fig.1) (Elter et al., 1975; Patacca and Scandone, 1989; Bennett et al., 2012 Extension started 4-5 Ma ago leading to the formation of several NW-SE-oriented grabens, 70 bounded by NE-dipping and SW-dipping normal faults that are dissected by several NE-trending, 71 right-lateral strike-slip faults (Fig. 1) 
Historical Record
99
The first historical record of the Prà di Lama sinkhole dates back to the 991 A.D., when the 100 area was described as a seasonal shallow pool fed by springs. Since then, the depression grew and 101 several events of unrest consisting of fracturing and fluctuations of the lake level were reported 102 (Raffaelli, 1869; De Stefani, 1879 , Giovannetti, 1975 (Table 1 and affecting a large area on the western side of the lake (Fig. 2) . Subsidence around the lake 116 resulted in an increase of the lake surface in particular on the western side and formation of 117 tensile fractures (Fig. 2) . Unlike the 1996 events of unrest, no lake level changes or increase of 118 water flow from the springs around the lake were observed. 
InSAR
124
InSAR is ideally suited to monitor localized ground deformation such as caused by sinkholes 125 as it can observe rapidly evolving deformation of the ground at high spatial resolution (Baer et al., ascending and descending velocity maps (Fig. 3a, b) , with average LOS velocities of up to -7.1 mm 165 yr -1 decaying to -1 mm yr -1 over a distance of 400 m away from the lake. Elsewhere around the lake 166 coherence is not kept due to ground vegetation cover but few coherent pixels on eastern flank of 167 the lake suggest that the deformation pattern may be circular, with a radius of ~600 m (Fig. 3e) .
168
The maps of vertical and East-West velocities show vertical rates of -4.6 mm yr -1 and horizontal 169 Nat (Fig. 3 g, h) . In order to better understand 177 the mechanisms responsible for the sinkhole growth and the different types of episodic unrest we 178 also analysed the seismicity. 
Seismicity
180
We analysed the seismicity at the Prà di Lama lake using the catalogue ISIDe (Italian We also analysed the local seismicity around the Prà di lama lake, within a circular area of 3 194 km radius around the lake (Fig. 1) , to better understand the deformation processes occurring at 195 the sinkhole (Fig. 6 ) and we found that swarms of small-magnitude earthquakes (ML ≤ 2) occurred 196 during both events of unrest at Prà di Lama in 1996 and 2016 (Fig. 6a, b, c) , while a few 
1962
Bursts of the spring water flow. Uprising of muddy waters and clays (Giovannetti, 1975) 
1985
Abrupt falling of the water level and fracturing along the shores. The lake almost disappeared (Giovannetti, 1975) Arising of muddy waters in a well 1996 Abrupt fall of the water level and fracturing along the shores 
2016-2017 Subsidence and fracturing
